It was subsequently shown that each linear polysaccharide chain was linked glycosidically, via a linkage region containing glucuronic acid, galactose and xylose, to the hydroxyl group of a serine residue (Rod6n, 1968) . Electron-microscopic studies support a branched structure for bovine chondroitin sulphate-protein (Serafini-Fracassini & Smith, 1966; Rosenberg, Hellmann & Kleinschmidt, 1970) .
To account for the observation (Mathews, 1956 ) that chondroitin sulphate prepared by alkaline extraction of cartilage had a molecular weight about one-half of that of preparations obtained by trypsin digestionofchondroitinsulphate-protein, Anderson, Hoffman & Meyer (1965) suggested that two 'single' chains of chondroitin sulphate were joined by a short peptide sequence as 'doublets' containing an alkali-labile bond. Luscombe & Phelps (1967) found that the weight-average molecular weight (43 300) ofthe product obtained by trypsin digestion was decreased to 21000 by the action of papain or alkali, and thus supported this proposal.
The present paper deals with the composition and structure of doublets obtained by the action of both trypsin and chymotrypsin. Number-average molecular weights (M.) were obtained so that amino acid contents could be related reliably to numbers of molecular chains under conditions of some polydispersity of polysaccharide chain weight. Since chondroitin sulphate-protein molecules in cartilage of many vertebrates are very similar in chemical composition, and in molecular size parameters (Mathews, 1967) , it was decided to investigate the extent of homology at the doublet level of structure.
MATERIALS AND METHODS
Isolation of chondroitin 8ulphate-protein. The preparations of chondroitin sulphate-protein from ox nasal septal cartilage (SCSP4E) and from ray cartilage (W-2B) were described previously (Mathews & Lozaityte, 1958; Mathews, 1962) . The physical constants for the preparations of chondroitin sulphate-protein from cartilage and notochord oflamprey and of sturgeon have been published (Mathews, 1967) . However, the procedure for isolation from tissue of the latter preparations was sufficiently modified from the procedure employed earlier to merit a brief description.
About lOg of tissue was homogenized with a Virtis blender in 200 ml of water, kept cold by an ice bath. Four periods of blending at high speed of 5min each were alternated with periods at low speed of 30min each. The homogenate was diluted with 1.8 litres of 0.11m-NaCl, heated within 10 min to 75-80°C and, after 1 min, was cooled to 45°C. The mixture was filtered with suction through a pad of Celite filter powder and aq. 4% (w/v) cetylpyridinium chloride was added to the filtrate to obtain complete precipitation. After 1 h at 300C, the suspension was centrifuged at 2000g. The precipitate was stirred with 300ml of 0.1M-NaCl containing 0.1% cetylpyridinium chloride and recovered by centrifugation. To obtain the chondroitin sulphate-protein as the sodium salt, the precipitate was stirred at 40-50°C with a mixture of 160 ml of 2.5 m-NaCl and 80 ml of methanol for several hours and the resulting solution clarified by centrifugation at room temperature. The supernatant was diluted with 400 ml of 60% (v/v) 200-400 mesh; Cl-form) and the resin eluted successively with 400-500 ml batches of water, 1.0M-NaCl, 1.5M-NaCl, 1.7M-NaCl and 5.0M-NaCl. The bulk of the product, recovered as dry sodium salt, was eluted by 1.5M-and 1.7M-NaCl. These two fractions represented a yield of 70-90% of the hexosamine of chondroitin sulphateprotein, and were substantially free of keratan sulphate (Rosenblum & Cifonelli, 1967) . The 1.7 M-NaCl fractions from preparations of ox, sturgeon and ray cartilage (60-70% yield) were used further. The 1.5m-and 1.7M-NaCl fractions from preparations of lamprey tissues and of sturgeon notochord were combined in each case.
Hydrolyses with crystalline papain (Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A.) were carried out at 60°C for 1B h with concentrations of 1 mg of trypticchymotryptic hydrolysate product and 0.1 mg of enzyme/ ml of 0.1M-sodium phosphate buffer, pH6.5, containing 0.01M-cysteine and 0.01M-EDTA. The hydrolysate was dialysed against water, clarified by filtration, precipitated with cetylpyridinium chloride and the product finally recovered as the sodium salt by alcohol precipitation.
Hydrolyses with Pronase (B grade; Calbiochem) were carried out at 60°C for 2 days with concentrations of 2 mg of tryptic-chymotryptic hydrolysate product and 0.07 mg of enzyme/ml of 0.1M-sodium phosphate buffer, pH7.6. The principal product was recovered as the sodium salt (see above).
Alkali treatment. A solution of 50mg of trypticchymotryptic hydrolysate product in 0.1 M-NaCl was made 0.0BM in NaOH by addition of 2.5 M-NaOH and kept at 25°C for 24h. The solution was neutralized with 1 Macetic acid and the product precipitated with cetylpyridinium chloride and converted into the sodium salt. During the period of exposure to alkali, the reduced viscosity decreased rapidly, at about an exponential rate, to reach a limiting value in about 6 h, with about 30min required to produce one-half of the final decrease in viscosity. Although similar limiting values of reduced viscosity were found after 24h exposure to 0.01 M-NaOH, the rate of fall of viscosity was about one-sixth of that in 0.05M-NaOH. No appreciable changes of solution viscosity were found after 24h in the presence of 0.02M-Na2CO3 (pH approx. 10.5).
Analy8es. The hexosamine content of preparations was determined after hydrolysis of samples in 4M-HCI for 14h at 100C by a modification (Boas, 1953) (Mathews & Dorfman, 1953) , were based also on the 'anhydrous' polysaccharide content of preparations. Tryptophan was not determined, but appears to be present only in very small amounts in bovine chondroitin sulphate-protein (Mathew s & Lozaityte, 1958) .
Cystine was determined as cysteic acid after performic acid oxidation of samples by the method of Hirs (1967 CsCl, of density 1.50g/ml, were fractionated by the density-gradient procedure of . A Spinco model L2-65 ultracentrifuge with a no. 65 head was operated for 48 h at 20°C and an average force of 75000g.
Electrophoresis. The disc-electrophoresis apparatus of the Buchler Instrument Co. was employed, with polyacrylamide gels made with different concentrations of monomer in sodium phosphate buffer, pH7.5, I 0.13. The acidic polysaccharide bands were stained with Alcian Blue. The use of gels of different pore size permitted resolutions of homologous polymers based on molecular size (Mathews & Decker, 1971 ).
RESULTS
Homogeneity. Since preparations of chondroitin sulphate-protein may contain degradation products derived by the action of native proteolytic enzymes (Ali, 1964) , they were examined by gel electrophoresis. Products with the molecular size of tryptic-chymotryptic hydrolysate products and lower-molecular-weight products were essentially absent. The tryptic-chymotryptic hydrolysate products from ray, ox and sturgeon cartilage contained only trace amounts of chondroitin sulphate chains of the size of those obtained by papain hydrolysis of the respective chondroitin sulphate-protein preparations. However, the 1.5M-sodium chloride eluate fractions from the resin preparation of the tryptic-chymotryptic hydrolysate products from ox and sturgeon cartilage contained appreciable proportions (near 20% by visual estimate of stain in gel electrophoresis) of chondroitin sulphate of lower molecular size. Similar proportions of polysaccharide of low molecular weight were found in the tryptic-chymotryptic hydrolysate products from lamprey tissues and from sturgeon notochord.
Molecular parameters. Table 1 shows the molecular weights and the intrinsic viscosities of the products of hydrolysis of the chondroitin sulphateprotein with trypsin and chymotrypsin and of the products after further degradation by sodium (Mathews, 1959 (Mathews, , 1967 (Mathews, 1967) as consisting of one residue of glucuronic acid, one residue of acetylgalactosamine and one residue of ester sulphate, was 503 g; for the over-sulphated ray polysaccharide (Mathews, 1962) Tables 5 and 6 show the compositions of these products. The structural interpretation of the compositional results, as was the case for the results on molecular parameters, is relatively simple for the products listed in Table 5 . The products listed in Table 6 cannot be interpreted in the same way and are discussed below.
To account for the observation that papain bisects the 'doublet fraction', presumably by peptide-bond cleavage, one may assume the presence in this portion of the polypeptide chain of a minimum peptide sequence with one serine residue as the N-terminal group and a second serine residue as the C-terminal group. For purposes of brevity, this hypothetical peptide sequence between two serine residues, including the two terminal serine residues as well, will be referred to as sequence X. A polysaccharide chain is linked to the hydroxyl group of each serine residue. In the trypticchymotryptic hydrolysate products some amino acid residues may be present that are linked to the serine residue and extemal to sequence X. Also, all of the amino acid residues in Table 4 may be components of sequence X, including those present in fractional molar amounts, since the extent of polymorphism of sequence X is unknown.
Papain digestion (Table 5 ) not only bisects the tryptic-chymotryptic hydrolysate product but also partially removes amino acid residues, except for serine. These results do not permit the assignment of any residue to sequence X with certainty. However, the retention of glycine suggests that at least one glycyl residue is vicinal to the serine. Pronase digestion, which does not bisect the trypticchymotryptic hydrolysate product, removes primarily leucine and isoleucine, which are apparently external to sequence X. Consequently, a probable maximum of nine amino acid residues comprise sequence X.
Treatment of the tryptic-chymotryptic hydrolysate product with alkali may be expected to result in ,B-elimination of the polysaccharide chains from serine residues, accompanied by conversion STRUCTURE OF CHONDROITIN SULPHATE-PROTEINS of the serine residues into dehydroalanine residues provided that both the carboxyl group (Anderson et al. 1965 ) and the amino group (Bella & Danishefsky, 1968) of each serine residue are substituted. Alkali treatment of the tryptic-chymotryptic hydrolysate products shown in Tables 5 and 6 , except for the preparation from lamprey cartilage, produces a loss of slightly more than one serine residue and about one glycine residue. It would therefore appear that at least one serine residue of sequence X in each molecule of the trypticchymotryptic hydrolysate products is substituted at both amino and carboxyl positions. However, the recovery of polysaccharide containing some serine shows that an appreciable amount of serine is also in a terminal position of peptide sequences. In addition, the supernatant solution obtained after precipitation ofalkali-treated tryptic-chymotryptic hydrolysate products with cetylpyridinium chloride is free of amino sugar, but contains amino acids including 0.1-0.2mol of serine per doublet. The latter result indicates the presence in the trypticchymotryptic hydrolysate products of some serine that is not glycosylated.
DISCUSSION
Structure of chondroitin sulphate-protein. Fig. 1 summarizes the observations on the trypticchymotryptic hydrolysate products and suggests a structure for chondroitin sulphate-protein. This elementary schematic formulation assumes the presence of a single polypeptide chain to which side chains of chondroitin sulphate of uniform length are attached at regular intervals; it will be utilized here as a parent model structure.
Structure of the tryptic-chymotryptic hydroly8ate product. The hypothesis that the product of tryptic anid chymotryptic hydrolysis of chondroitin sulphate-protein contains a polypeptide sequence X, comprising less than ten amino acid residues, with polysaccharide chains bound glycosidically to the hydroxyl groups of two serine residues, is in accord with the results for preparations from cartilage ofox, sturgeon and ray. The persistence of a glutamate residue in association with polysaccharide chains aftervarioustreatmentsofthetryptic-chymotryptic hydrolysate products (Tables 5 and 6) suggests that at least one such residue is close to a serine residue and is possibly included in sequence X. Indeed, a peptide of the structure Glu-Gly-dehydroAla-Gly has been isolated by Katsura & Davidson (1966) from a mixture of peptides resulting from alkali treatment of a papain digest of porcine chondroitin sulphate-protein. However, the results of alkali treatment of the tryptic-chymotryptic hydrolysate products are incompatible with the assignment of this sequence about both serine residues of the doublet. This is so since the observed ,-elimination M. B. MATHEWS reaction would require minimally either the sequence -Gly-Ser-Gly-An-Gly-Ser-or the sequence -Ser-GlyAn-Gly-Ser-Gly-, where An represents other amino acid residues of sequence X. Thus if each serine residue had been flanked by two glycine residues in chondroitin sulphate-protein, then the trypticchymotryptic hydrolysate product should have contained minimally 3mol of glycine instead of the assayed value of 2mol per doublet.
Polypeptide 8tructure. Considerations of the reduction of protein contents from starting material observed in zone C after density sedimentation requires a revision of the molecular weight for the basic molecular units of chondroitin sulphateprotein from bovine cartilage (Mathews & Lozaityte, 1958) and from chondrichthye (Mathews, 1962) to about 3.5 x 106. Hascall & Sajdera (1970) obtained a mean molecular weight of 2.5 x 106 for the bovine chondroitin sulphate-protein. Therefore the polypeptide chains contain 2000-3000 amino acid residues per molecule of chondroitin sulphateprotein.
Of the many possible different ways of visualizing the main polypeptide chain in terms of subunit sequences only the simplest ones will be considered. Although Serafini-Fracassini, Peters & Floreani (1967) had suggested that peptide subunits may be assembled in a random manner, there is no evidence for covalent linkages other than peptide bonds. Accordingly, the polypeptide chain of a molecule of chondroitin sulphate-protein is assumed to be a single biosynthetic entity whose structure is determined by a single structural gene. Division of the chain into subunits is solely for descriptive purposes. The structure shown in Fig. 1 may be composed of only two types of subunits in regular order so that the polypeptide chain is represented as a repeating polymer (-X-Y-),. Alternatively, the order of X and Y sequences may not be regular, or more than two types of sequences may be present. The available results do not warrant further detailed speculation at this moment. The situation is complicated further by the presence in chondroitin sulphate-protein preparations of variable proportions of keratan sulphate-peptides, in part covalently linked to the chondroitin sulphate-protein molecule (Rosenblum & Cifonelli, 1967; Tsiganos & Muir, 1967) .
It is evident from the variation in composition of chondroitin sulphate-proteins with buoyant density that the molecules are heterogeneous. Tsiganos, Hardingham & Muir ( 1971) showed that chondroitin sulphate chains were of uniform size in comparable fractions from pig laryngeal cartilage and concluded that the heterogeneity was due to the presence of different polypeptide chains differing in length and also in the type, distribution and number ofcarbohydrate chains attached. However, Hascall, Riolo, Hayward & Reynolds (1971) showed that the polypeptide chains ofchondroitin sulphateproteins of bovine nasal cartilage were of closely similar size and composition differing primarily in the number of keratan sulphate chains attached. These findings are compatible with the presence generally of more than one type of polypeptide chain and of a variable extent of heterogeneity of chondroitin sulphate-proteins dependent on tissue, metabolic state etc.
The different polypeptide chains, in accord with the results of the present paper, may be similar to each other in amino acid composition and to some degree in amino acid sequences. Their similarities in structure and in structural relationships to polysaccharide chains suggests that these polypeptides may be polymorphically related. The presence of polymorphic polypeptides could account not only for the small variations in amino acid composition of the protein of fractions of different buoyant densities but also for the presence of nonintegral amino acid residues in the doublet fractions shown in Table 4 . However, such non-integral values may also arise as a consequence of incomplete proteolysis, as indicated by the action of Pronase on doublets.
The degree of difference in amino acid sequence between polymorphic or homologous proteins is usually variable along the polypeptide chains with the smallest number of residue differences occurring generally in regions associated with strict functional requirements. Since X sequences are involved in linkage to carbohydrate we might expect little variation of structure in this region of the polypeptide chains of molecules from the same tissue. Thus in chondroitin sulphate-protein (J. Baker & L. Roden, unpublished work), as in the structurally related dermatan sulphate-protein molecule (Bella & Danishefsky, 1968; Lindahl & Roden, 1971) , a glycine residue is linked to the carboxyl group of serine residues that bear a chondroitin sulphate chain. As a consequence, if the amino terminus of the peptide chain is chosen to lie to the left of the sequence shown in Fig. 1 , then both B and B' are glycine residues. The probable presence of at least one glutamate residue in sequence X has already been noted.
Polysaccharide chains. Chondroitin sulphateprotein preparations (Table 3 ) contain a minimum of two serine residues per doublet that are not involved in linkage to chondroitin sulphate chains. Thus it is possible that glycosylation of serine residues may be limited to specific regions of the polypeptide chain by requirements for enzyme specificity or by steric factors. These conditions set an upper limit to the number of chondroitin sulphate chains that may be linked to a given polypeptide. Also, gel electrophoresis showed the presence of single chondroitin sulphate chains as 44 1971
STRUCTURE OF CHONDROITIN SULPHATE-PROTEINS well as doublets in tryptic-chymotryptic hydrolysate products, particularly those from lamprey tissues and from sturgeon notochord. In addition, the relative proportions of chondroitin sulphate and protein vary in zone B and zone C fractions.
To explain these observations we may consider the hypothetical examples of chondroitin sulphateprotein structure of Fig. 2 . The structures shown for zone B reflect a chondroitin sulphate/polypeptide weight ratio lower than that of the structure for zone C, in accordance with the lower sedimentation density. Since the intrinsic viscosities ofchondroitin sulphate isolated by papain digestion of material in zones A, B and C of preparations from sturgeon notochord and from lamprey tissues are virtually identical, the chain sizes of chondroitin sulphate must be the same. Hence structure 1 of zone B cannot be of major significance. It is probable therefore that structures similar to those of types 2 and 3 are present in regions of the chondroitin sulphate-protein molecule, particularly in chondroitin sulphate-protein from lamprey tissues. Fig. 1 shows that the two serine residues of the doublet are distinguishable and that one of these residues may be preferentially glycosylated. The particular examples in Fig. 2 (Lowther, Preston & Meyer, 1970) . Hascall & Sajdera (1970) observed similar variations in these characteristics of fractions of chondroitin sulphate-protein from bovine cartilage. With the exception of half-cystine, amino acids were present in essentially the same relative proportions in all fractions. Hascall & Sajdera (1970) suggested that polydispersity in molecular weight of bovine chondroitin sulphateprotein was due primarily to differences in the number of chondroitin sulphate chains attached to one type of protein. However, Serafini-Fracassini (1968) obtained results suggesting that bovine chondroitin sulphate-protein contains three different polypeptide chains. Also, Brandt & Muir (1971) found appreciable polydispersity in size of chondroitin sulphate chains from chondroitin sulphate-proteins of pig cartilage.
Phylogeny and ontogeny. The hypothesis that the chondroitin sulphate-protein molecules from different vertebrate species form an homologous class is supported indirectly by structural data showing the occurrence of very similar, if not identical, polysaccharide chains bound to polypeptide in an identical fashion (Mathews, 1967) . Strong evidence for this hypothesis, however, requires the demonstration that the polypeptide structures, which are referable directly via the genetic code to structural genes, are also very similar. My present results on the short peptide sequence of the doublet are indicative of homology and also suggest conservation over an extended period ofevolution. Immunological results, which show the localization of a common antigenic determinant in the region of the short sequence, are consistent with this conclusion (Sandson, Damon & Mathews, 1970) . The general similarity in number and type of amino acid residues composing the long polypeptide sequences of chondroitin sulphate-protein molecules of ox, sturgeon, ray and embryonic chick (Z. Nevo, unpublished work) cartilage suggests homology for this section of the chemical structure as well.
The chemistry of chondroitin sulphate-protein of vertebrates varies with stage of embryonic development and maturation in extent and site of sulphation of the amino sugar residues of carbohydrate chains (Mathews, 1967) . Concomitant variation in the extent of glycosylation of serine residues may also occur. In addition, the possible presence of variable proportions of two or more Vol. 125 45 types of polypeptide, differing mainly in halfcystine content, may be of particular significance, since this residue is involved in aggregation of chondroitin sulphate-protein molecules (Sajdera, Hascall, Gregory & Dziewiatkowsky, 1970) . All such variations in molecular structure influence interactions of chondroitin sulphate-protein with collagen and hence affect the molecular organization and properties ofconnective tissues (Mathews, 1970; Obrink & Wasteson, 1971) .
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